Treatment of (TTP)TiCl2 (1) 10,15, with excess NaOR (R = Ph, Me, t-Bu) affords the bis(alkoxide) derivatives (TTP)Ti(OR)2 [R = Ph (2), Me (3), t-Bu (4)] in moderate yield. The corresponding amido derivative (TTP)Ti(NPh2)2(5) is prepared in an analogous fashion employing LiNPh2. The disubstituted complexes 2, 3, and 5 react cleanly with (TTP)TiCl2 to afford the ligand exchange products (TTP)Ti(OR)Cl [R = Ph (6), Me (7)] and (TTP)Ti(NPh2)Cl (8), respectively. The monosubstituted complexes 6−8are also obtained by treatment of 1 with 1 equiv of the appropriate NaOR or LiNPh2 reagent. Treatment of 5 with excess phenol produces the bis(phenoxide) derivative 2 and 2 equiv of HNPh2. The imido derivatives (TTP)TiNR [R = t-Bu (9), Ph (10), C6H4-p-Me (11)] are prepared by the treatment of 1 with excess LiNHR. The t-Bu derivative (9) is also obtained by reaction of 1 with excess H2N-t-Bu at elevated temperatures. The phenyl imido complex (10) may be produced by the reaction of 0.5 equiv of PhNNPh with (TTP)Ti(η2-EtC⋮CEt) in refluxing toluene. Finally, (TTP)TiNTMS (12) -5,10,15,20-tetra-p-tolylporphyrinato dianion] with excess NaOR (R ) Ph, Me, t-Bu) affords the bis(alkoxide) derivatives (TTP)Ti(OR) 2 [R ) Ph (2), Me (3), t-Bu (4)] in moderate yield. The corresponding amido derivative (TTP)Ti(NPh 2 ) 2 (5) is prepared in an analogous fashion employing LiNPh 2 . The disubstituted complexes 2, 3, and 5 react cleanly with (TTP)TiCl 2 to afford the ligand exchange products (TTP)Ti(OR)Cl [R ) Ph (6), Me (7)] and (TTP)Ti(NPh 2 )Cl (8), respectively. The monosubstituted complexes 6-8 are also obtained by treatment of 1 with 1 equiv of the appropriate NaOR or LiNPh 2 reagent. Treatment of 5 with excess phenol produces the bis(phenoxide) derivative 2 and 2 equiv of HNPh 2 . The imido derivatives (TTP)TidNR [R ) t-Bu (9), Ph (10), C 6 H 4 -p-Me (11)] are prepared by the treatment of 1 with excess LiNHR. The t-Bu derivative (9) is also obtained by reaction of 1 with excess H 2 N-t-Bu at elevated temperatures. The phenyl imido complex (10) may be produced by the reaction of 0.5 equiv of PhNdNPh with (TTP)Ti(η 2 -EtCtCEt) in refluxing toluene. Finally, (TTP)TidNTMS (12) is obtained by oxidation of (TTP)Ti(η 2 -EtCtCEt) with N 3 TMS.
Introduction
The highly reactive nature of the metal-nitrogen bond in many group 4 imido complexes has lead to a rapidly growing area of research. 2 For example, group 4 imido complexes can engage in aliphatic and aromatic C-H bond activation processes 3 as well as numerous 2 + 2 cycloaddition reactions with unsaturated organic substrates. 3d Additionally, group 4 imido complexes have found use in the catalytic hydroamination 3d of alkynes and the synthesis of various nitrogen heterocycles. 4 Recently, we reported the synthesis of a variety of imidotitanium meso-tetratolylporphyrinato complexes of the type (TTP)TidNR (R ) Ph, tolyl, cyclohexyl). 5 Our interest in these systems stems from our observation that isoelectronic (POR)-TidO complexes undergo facile intermetal oxygen atom transfer. 6 In addition, (POR)TidO complexes serve as precatalysts for the epoxidation of alkenes. 7 In this report, we summarize the preparation and properties of a variety of imidotitanium-porphyrin complexes and discuss their reactivity. Additionally, we report the synthesis and reactivity of new alkoxide and amide derivatives of titanium-porphyrin. These new complexes extend the class of group 4 porphyrin complexes possessing hard π-donor ligands. 8
Experimental Section
General. All manipulations were performed under an inert atmosphere of nitrogen using a Vacuum Atmospheres glovebox equipped with a Model MO40-1 Dri-Train gas purifier. The glovebox atmosphere was continuously monitored with an Illinois Instrument Model 2550 trace oxygen analyzer. The concentration of O 2 in the glovebox was kept at less than 5 ppm at all times. All solvents were rigorously degassed and dried prior to use. Benzene-d 6, toluene, and hexane were freshly distilled from purple solutions of sodium benzophenone and brought into the drybox without exposure to air. (TTP)TiCl 2 (1) was prepared according to published procedures 9 and recrystallized from CH 2Cl2/hexane prior to use. Phenol was purchased from Aldrich and used as received. Methanol was purchased from Fisher, dried with CaH 2, and vacuum transferred prior to use. NaOR (R ) Ph, Me, t-Bu) reagents were prepared by treating the appropriate alcohol with sodium in hexanes. Diphenylamine was purchased from Fisher and was recrystallized from hexanes prior to use. LiNPh 2 was prepared by reaction of the free amine with n-butyl lithium in hexanes. The lithium amide salts, LiNHPh, LiNHC 6H4-p-Me, and LiNHC6H11 were prepared as previously described. 5 LiNH-t-Bu was prepared by the reaction of H 2N-t-Bu with n-butylithium in hexanes and was recrystallized from hexanes at -20°C. All amines used above were purchased from Aldrich and were purified by literature methods. 10 N3TMS was purchased from Aldrich and used as received.
1 H NMR data were recorded at 20.0°C on either a Varian VXR (300 MHz) or a Bruker DXR (400 MHz) spectrometer. Chemical shifts are referenced to proton solvent impurities (δ 7.15, C 6D5H). UV-vis data were recorded on a HP8452A diode array spectrophotometer. Elemental analyses (C, H, N) were performed by Atlantic Microlab of Norcross, Georgia. All samples were handled under nitrogen and WO 3 was used as a combustion aid. MS-CI studies were performed on a Finnigan TSQ 700 at 70 eV in the negative ion mode using ammonia as the ionization gas.
(TTP)Ti(OPh) 2 (2). (TTP)TiCl2 (200 mg, 0.254 mmol) and NaOPh (62 mg, 0.53 mmol) were stirred in toluene (ca. 10 mL) to afford a X Abstract published in AdVance ACS Abstracts, January 1, 1997.
(1) Presidential Young Investigator (1990 Investigator ( -1995 (TTP)Ti(O-t-Bu)2 (4). (TTP)TiCl2 (44 mg, 0.056 mmol) and NaOt-Bu (26 mg, 0.28 mmol) were slurried in toluene and the resultant brown solution was rapidly stirred at ambient temperature. After 5 h, the solution was filtered and the solvent was removed from the dark brown filtrate to afford blue (TTP)Ti(O-t-Bu) 2 (32 mg, 0.037 mmol, 67% yield). Despite numerous efforts to obtain an analytically pure compound, 4 consistently contained traces (ca. 5%) of impurities which precluded elemental analysis. UV-vis (toluene): 450 (Soret), 584, 622 nm. 1 H NMR (C6D6, 300 MHz): 9.05 (s, 8H, -
(TTP)Ti(NPh2)2 (5). (TTP)TiCl2 (326 mg, 0.413 mmol) and LiNPh2 (150 mg, 0.0859 mmol) were slurried in hexanes (ca. 20 mL). The solution slowly changed from light brown to chocolate brown. After 5 h, the solution was filtered to collect a dark brown solid. This solid was placed on a clean fritted filter and extracted with CH 2Cl2 (3 × 3 mL). Removal of solvent from the resultant filtrate afforded (TTP)-Ti(NPh 2)2 (251 mg, 0.238 mmol, 58% yield) as a semicrystalline, blue solid. UV-vis (toluene): 426 (Soret), 552 nm. 1 (TTP)Ti(OPh)Cl (6). (TTP)TiCl 2 (45 mg, 0.058 mmol) and LiOPh (6 mg, 0.06 mmol) were stirred in toluene (ca. 10 mL). The initial dark brown color of the solution progressively darkens to a nearly black color. After 15 h, the solution was filtered and solids on the frit were extracted with toluene. The solvent was removed from the combined filtrates under reduced pressure to yield (TTP)Ti(OPh)Cl (31 mg, 0.37 mmol, 64% yield) as a deep blue solid. (TTP)TidNTMS (12). (TTP)Ti(η 2 -EtCtCEt) (105 mg, 0.132 mmol) was dissolved in toluene (ca. 10 mL), and neat N 3TMS (ca. 0.5 mL, ca. 4.0 mmol) was added to the rapidly stirred solution. Evolution of gas was observed, and after 16 h, the solution was taken to dryness under reduced pressure to afford a dark oil. The oil was dissolved in a minimum of toluene (ca. 2 mL), and the solution was layered with hexanes (ca. 6 mL). After cooling the solution at -20°C for 14 h,
Derivatives of Titanium(IV) Tetratolylporphyrin
Inorganic Chemistry, Vol. In the solid state, complex 2 is inert and remains unchanged for more than 4 months in air. The bis(phenoxide) is also stable to hydrolysis in solution with excess water for more than 1 week. In contrast, exposure of a solution of the bis(methoxide) to air results in instantaneous and quantitative conversion to the oxo complex (TTP)TidO. Treatment of (TTP)Ti(OR) 2 (R ) Me, t-Bu) with excess phenol cleanly produces (TTP)Ti(OPh) 2 and ROH. In general, the spontaneous reaction involves the most basic ligand becoming protonated. Thus, treatment of (TTP)-Ti(OPh) 2 with 7.6 equiv MeOH produces only 0.3 equiv of (TTP)Ti(OPh)(OMe) and 0.1 equiv of (TTP)Ti(OMe) 2 .
Results

Synthesis and Properties of
In solution 2 has been found to engage readily in intermetal ligand exchange reactions. Thus, treatment of 2 with 1 equiv of (TTP)TiCl 2 in toluene rapidly (ca. 10 min) and quantitatively affords a new product, 6, in high yield. The 1 H NMR spectrum of 6 displays an aa′mm′ pattern for the porphyrin tolyl protons. Thus, the porphyrin plane does not serve as a mirror plane of symmetry in this new molecule. In addition, the porphyrin tolyl ligands are not freely rotating about the C meso -C ipso bond on the NMR timescale. Accordingly, this new complex is formulated as (TTP)Ti(OPh)Cl (6) (eq 2). Complex 6 is also prepared by the reaction of (TTP)TiCl 2 with 1 equiv of NaOPh in toluene. The monomethoxide complex, (TTP)Ti(OMe)Cl has also been synthesized by both of these routes. Interestingly, the intermetal ligand redistribution reaction described in eq 2, unlike previously reported exchanges for (TTP)Ti(IV) complexes, appears to be driven to completion. The reverse process, disproportionation of (TTP)Ti(OPh)Cl (6) to (TTP)TiCl 2 and (TTP)Ti(OPh) 2 , has not been observed by either variable temperature 1 H NMR experiments or UV-vis studies.
Alcohols are not sufficiently basic to displace both chloro ligands in (TTP)TiCl 2 . Instead an equilibrium is established for monoalkoxide formation as represented in eq 3. In a mixture of 2.7 PhOH and (TTP)TiCl 2 in C 6 D 6 , the equilibrium lies far to the left. No monophenoxide complex is detected by 1 H NMR. When 6.7 equiv of MeOH is added to (TTP)TiCl 2 in C 6 D 6 , the equilibrium ratio of (TTP)Ti(OMe)Cl to (TTP)TiCl 2 is 0.37:1. With the more basic tert-butanol (5.8 equiv), the resulting ratio of (TTP)Ti(O-t-Bu)Cl to (TTP)TiCl 2 is 6.2:1. Addition of an exogenous base drives the reaction completely to bis(alkoxide) formation. Thus, injection of 3 equiv of piperidine into an equilibrated NMR tube containing (TTP)-TiCl 2 and tert-butanol in C 6 D 6 resulted in quantitative formation of (TTP)Ti(O-t-Bu) 2 .
Preparation of Bis(amido) Complexes. Treatment of freshly prepared (TTP)TiCl 2 with g2 equiv of LiNPh 2 in hexanes results in the formation of the bis(amido) complex (TTP)Ti(NPh 2 ) 2 (5) in modest yield (eq 4). This reaction is very sensitive to solvent choice. In our hands, 5 could not be produced in pure fashion employing toluene, benzene, THF, or CH 2 Cl 2 as a solvent. In these solvents, intractable paramagnetic (presumably Ti(III)) species are formed. Another difficulty in preparing 5 is its extreme moisture-sensitivity. Complex 5 decomposes instantaneously in air to afford (TTP)TidO and free HNPh 2 . Our attempts to prepare other bis(amido) complexes have met with no success. Thus, the reaction of 1 with LiNEt 2 , LiNTMS 2 , LiN(C 6 H 11 ) 2 , TMSNEt 2 , or lithium tetrahydroquinolide, under similar conditions employed to produce 5, leads only to intractable, paramagnetic products. Finally, treatment of 5 with other secondary amines, such as HNEt 2 , piperidine, t-BuNH 2 , or 1,2,3,4-tetrahydroquinoline, did not result in the production of any new bis(amido) transamination products. These observations parallel those described for the alkoxide/alcohol system. The equilibrium favors the complex bound to the least basic secondary amide.
Analogous to the bis(alkoxide) complexes discussed above, the diphenylamido ligands in 5 are disposed in a trans fashion. Thus, 5 displays pseudo D 4h symmetry in the ambient temperature 1 H NMR spectrum. In C 6 D 6 , the resonances for phenyl groups of the NPh 2 ligands are shifted upfield [δ 6.17 (H p ), δ 6.05 (H m ), and δ 2.86 (H o )] relative to the free amine, again due to their proximity to the porphyrin ring current.
Like the bis(alkoxide) derivatives, the bis(amido) complex undergoes rapid ligand redistribution upon treatment with 1 equiv of (TTP)TiCl 2 to afford the monoamido complex (TTP)-Ti(NPh 2 )Cl (8) (eq 5). Again, this reaction appears to be entirely irreversible. Complex 8 can be prepared independently from treatment of 1 with 1 equiv of LiNPh 2 .
As is typical for early transition metal amido complexes, 5 undergoes rapid alcoholysis with phenol to afford (TTP)Ti-(OPh) 2 (2) (eq 6). Not surprisingly, this reaction is irreversible. 
Discussion
The (TTP)Ti fragment serves as a useful template for the study of a wide range of metal-ligand multiple bonds. The series (TTP)TidX (X ) O, S, Se, NR) is now firmly established. 12 In the future, we hope to extend this interesting class of complexes to include other metal-ligand multiply bonded species such as alkylidenes and phosphinidines. In order to design rational syntheses of these complexes, we have attempted to elucidate the mechanism by which the imido ligands are introduced via lithium amides. The formation of imido complexes from 1 and LiNHR must involve R-hydrogen abstraction. Two possible mechanisms are shown in Scheme 1. A concerted intramolecular elimination from the bis(amido) complex is unlikely given the known trans disposition of the amido ligands in (TTP)Ti(NPh 2 ) 2 (5). A concerted bimolecular pathway in which 2 equiv of H 2 NR are simultaneously eliminated from 2 mol of (TTP)Ti(NHR) 2 is also implausible due to the steric nature of the porphyrin ligands. Intermolecular deprotonation of an imido ligand by a second equivalent of LiNHR is a reasonable alternative. Moreover, the strong π-donor character of the amide ligand may facilitate the dissociation of the trans chloride and/or increase the acidity of the R-proton (Scheme 2). This hypothesis is supported by reaction 8 in which only (TTP)TidN-t-Bu was formed and no monoamido complex, (TTP)Ti(NH-t-Bu)Cl, was observed on treating 1 with 1 equiv of LiNH-t-Bu. Additionally, since other amide reagents (e.g., LiNEt 2 ) lead only to reduction of Ti(IV) to Ti(III), deprotonation of a primary amide ligand appears to compete effectively with reduction processes. Moreover, our inability to isolate or observe a monoamido complex is consistent with the high acidity of the N-H proton of the complexed amido ligand.
The strong π-donor ability of the amido ligand also provides a rationale for reactions 5 and 8. In the ligand disproportionation (eq 5), the amido ligand prefers to be trans to a weaker chloro ligand than trans to a second strong π-donor amido ligand. Correspondingly, treatment of (TTP)Ti(NPh 2 )Cl with LiNH-tBu (eq 9) is likely to produce transiently the mixed amido complex (TTP)Ti(NPh 2 )(NH-t-Bu). Competing π-donation serves to labilize both ligands. The loss of the t-Bu amide is nonproductive. However, dissociation of NPh 2 produces [(TTP)-Ti(NH-t-Bu)] + having an acidic R-hydrogen which is rapidly deprotonated to produce (TTP)TidN-t-Bu.
To the best of our knowledge, the production of imido complexes from Ti(III) sources (reactions 11 and 12) is unprecedented. There are several scenarios one could envision to account for these reactions. It is important to note that (TTP)-TiCl does not react with either diphenylacetylene or pyridine to produce (TTP)TiCl 2 and (TTP)Ti(η 2 -Ph-CtC-Ph) or (TTP)-Ti(py) 2 . Thus, (TTP)TiCl does not readily disproportionate. If the reaction of (TTP)TiCl with LiNH-t-Bu affords initially (TTP)Ti(NH-t-Bu), this species could undergo electron transfer (either in an inner-or outer-sphere sense) with a second Ti(III) species to afford either (TTP)Ti(NH-t-Bu)X (X ) NH-t-Bu or Cl) or [(TTP)Ti(NH-t-Bu)] + along with a Ti(II) complex (Scheme 3). The former complex could be deprotonated by an additional equivalent of lithium amide to afford the imido complex while the latter complex is readily trapped by pyridine or diphenylacetylene. However, it is not clear why (TTP)Ti-NH-t-Bu would be more prone to disproportionation than (TTP)-TiCl. However, on the basis of the observations above, it appears that R-hydrogen abstraction occurs much more rapidly than reduction for Ti-porphyrin complexes. Thus, we propose that any (TTP)Ti(NH-t-Bu) formed in the reaction is rapidly deprotonated to afford the transient Ti(III)-imido complex anion [(TTP)TidN-t-Bu] -. Due to its anionic charge, this Ti(III)-imido complex presumably is more capable of reducing (TTP)-TiCl to Ti(II), which is subsequently trapped by either pyridine or diphenylacteylene.
Conclusions
In this work we have demonstrated that (TTP)TiCl 2 , which is readily prepared from the reaction of TiCl 4 (THF) 2 with Li 2 (THF) 2 TTP, serves as a useful precursor for the synthesis of a variety of Ti-porphyrin complexes possessing hard π-donor ligands. Prior to this work, the only reported complexes of this
